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In bacteria that divide by binary fission, cell division starts with the polymerization of the tubulin homolog
FtsZ at mid-cell to form a cell division scaffold (the Z ring), followed by recruitment of the other divisome
components. The current view of bacterial cell division control starts from the principle of negative checkpoints
that prevent incorrect Z-ring positioning. Here we provide evidence of positive control of cell division during
sporulation of Streptomyces, via the direct recruitment of FtsZ by the membrane-associated divisome component
SsgB. In vitro studies demonstrated that SsgB promotes the polymerization of FtsZ. The interactions are shown in
vivo by time-lapse imaging and Fo¨rster resonance energy transfer and fluorescence lifetime imaging microscopy
(FRET-FLIM), and are corroborated independently via two-hybrid studies. As determined by fluorescence recovery
after photobleaching (FRAP), the turnover of FtsZ protofilaments increased strongly at the time of Z-ring
formation. The surprising positive control of Z-ring formation by SsgB implies the evolution of an entirely new
way of Z-ring control, which may be explained by the absence of a mid-cell reference point in the long
multinucleoid hyphae. In turn, the localization of SsgB is mediated through the orthologous SsgA, and premature
expression of the latter is sufficient to directly activate multiple Z-ring formation and hyperdivision at early stages
of the Streptomyces cell cycle.
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Most bacteria grow and divide by binary fission. The
process starts with the increase of the cell size, followed
by genome replication and segregation. Once completed,
the cell is split to generate two daughter cells, each typi-
cally containing a single copy of the chromosome. The
prokaryotic cell division scaffold consists of overlapping
protofilaments of the tubulin homolog FtsZ (Bi and
Lutkenhaus 1991), which, in all prokaryotes studied so
far, is the first protein of the cell division machinery or
divisome. Several proteins are known to assist in septum
site localization and stabilizing the Z ring, including FtsA
and ZipA (Hale and de Boer 1997; RayChaudhuri 1999;
Pichoff and Lutkenhaus 2002), ZapA (Gueiros-Filho and
Losick 2002), and SepF (Hamoen et al. 2006). The Z ring
then mediates the recruitment of the cell division ma-
chinery or divisome to the mid-cell position (for review,
see Goehring and Beckwith 2005; Adams and Errington
2009). Recent evidence suggests that this is a two-step
mechanism, with a significant lag in Bacillus between
the formation of the Z ring associated with FtsA, ZapA,
and EzrA and the recruitment of the other components
of the cytokinetic machinery, such as FtsL, FtsW, DivIB,
and DivIVA (Gamba et al. 2009). The process of Z-ring
(dis)assembly during division is actively controlled (for
review, see Romberg and Levin 2003).
In most bacteria, the positioning and timing of septum
formation involves the action of negative control systems
such as Min, which prevents Z-ring assembly at the cell
poles (Raskin and de Boer 1997; Marston et al. 1998), and
nucleoid occlusion, which prevents formation of the Z
ring over nonsegregated chromosomes (Wu and Errington
2004). While most studies so far support the commonly
accepted principle that, like mitosis in eukaryotes, the
initiation of prokaryotic cell division is negatively con-
trolled, the question is whether this is an absolute pre-
requisite. One candidate system where perhaps cell di-
visionmay be positively controlled is the filamentous soil
bacterium Streptomyces, since the enhanced expression
of a single protein designated SsgA triggers cell division
in a direct or indirect manner (van Wezel et al. 2000b,
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2006). Streptomycetes are Gram-positive soil bacteria that
have a complex life cycle similar to that of filamentous
fungi, and they produce >50% of all known antibiotics
and many other bioactive natural products (Hopwood
2007). The vegetative mycelium consists of syncytial
cells separated by septa (cross-walls) spaced at 5–10 mm
(Wildermuth and Hopwood 1970). During the reproduc-
tive phase, streptomycetes produce long chains of spores
in aerial hyphae, following a complex cell division event
whereby ladders of up to a hundred Z rings are produced
in a short time span (Chater 2001; Flardh and Buttner
2009). While the Streptomyces cell division machinery
resembles that of unicellular bacteria, there are some
rather remarkable differences. For one, streptomycetes
are the only known organisms where cell division is not
essential for growth (McCormick et al. 1994; McCormick
and Losick 1996). Second, the canonical control systems
like Min, Noc, and SulA are missing. Two MinD homo-
logs are present in Streptomyces coelicolor, but these do
not function in septum site localization (J McCormick
and GP van Wezel, unpubl.), and MinC is absent, while
DivIVA functions in driving tip growth (Flardh 2003).
Hence, cell division control likely requires actinomycete-
specific proteins, with SsgA as an obvious candidate. SsgA
is a member of the family of SsgA-like proteins (SALPs),
with seven orthologs in S. coelicolor (Noens et al. 2005;
Traag and vanWezel 2008). Nullmutants of ssgA and ssgB
are blocked at a stage preceding the onset of sporulation-
specific cell division, suggesting they may play a role in
the control of this process (van Wezel et al. 2000a; Keijser
et al. 2003). Interestingly, while SsgA has a major impact
on morphogenesis, its expression is independent of the
early whi genes, which regulate the different stages of
aerial development and sporulation (Chater 2001; Traag
et al. 2004). In this study, we demonstrate positive control
of septum site localization and Z-ring formation as a third
major difference with cell division in most other bacteria.
We show that SsgA orchestrates division by facilitating
the correct localization of SsgB, which then directly re-
cruits FtsZ to the future septum sites, and tethers the Z
ring to the cytoplasmic membrane. Protein interactions
are assessed quantitatively in vivo using fluorescence
lifetime imaging microscopy (FLIM), and the sequence of
localization of the proteins involved was followed live via
time-lapse imaging.
Results
Hierarchical order of SsgA, SsgB, and FtsZ localization
As an initial step in uncovering the possible role of SsgA
and SsgB in cell division control, their temporal and
spatial localization was determined in relation to that
of FtsZ. During sporulation-specific cell division, FtsZ
initially forms long filaments in the aerial hyphae, fol-
lowed by localization in a focal pattern during the onset
of cell division, and finally by Z-ring formation, visible as
spectacular FtsZ ladders that are typical of streptomy-
cetes (Fig. 1; Schwedock et al. 1997; Grantcharova et al.
2005; Willemse and van Wezel 2009). Interestingly, SsgB
also localizes to septum sites and forms the same ladder-
like patterns as FtsZ, highlighting SsgB as a likely divi-
some component (Fig. 1, bottom, corroborated in vivo by
immuno-FM; Supplemental Fig. S1), which localizes prior
to FtsZ (Fig. 1, top row). To see whether SsgA and SsgB are
able to localize to septum sites independently of FtsZ, we
made use of the unique feature of streptomycetes that
ftsZ-null mutants are viable despite their inability to di-
vide (McCormick et al. 1994). Interestingly, foci of SsgA-
eGFP as well as of SsgB-eGFP accumulated in similar
fashion as in wild-type cells in the ftsZ-null mutant S.
coelicolor HU133 (Fig. 2). SsgB foci accumulated with
a spacing (1.256 0.12 foci per micron) very similar to that
of Z ladders, clearly indicating that SsgB can find future
septum sites independently of FtsZ. Therefore, SsgB may
well be the first example of a divisome component that
localizes to the septum site prior to and independently
of FtsZ (Fig. 2). However, SsgB cannot form rings in the
absence of FtsZ, nor are any septa produced, illustrating
that FtsZ is required for the ring-like localization of SsgB.
Expectedly, TRITC-WGA staining of the cell wall did not
identify any accumulation of peptidoglycan in the ab-
sence of FtsZ (Fig. 2). Conversely, the formation of Z
ladders depends on SsgA and SsgB, with only occasional
andwidely spaced septa formed in the ssgA- and ssgB-null
mutants, with a frequency similar to that of cross-wall
formation in vegetative hyphae (Fig. 3). Again, like in
vegetative hyphae, these cross-walls do not lead to physi-
cal separation of the adjacent compartments, as no con-
strictions were observed at the exterior of the hyphae
Figure 1. SsgB and FtsZ colocalize during sporulation-specific
cell division in S. coelicolor. (From left to right) SsgB, FtsZ, an
overlay of the two, and the corresponding bright-field image.
Developmental stages are shown as follows (for explanation, see
the model in Fig. 9): early aerial hyphae (stage IIA; 0.6–0.7 mm in
diameter) (top row); predivision foci in aerial hyphae (stage IIC;
diameter, 0.8 mm) (middle row); Z rings (stage III; diameter, 0.9
mm) (bottom row). SsgB localizes when ftsZ is still diffusely
distributed, while, at later stages, including Z-ring formation,
they fully colocalize. See also Figure 4. The approximate de-
velopmental stages were determined on the basis of their
position in the mycelium (proximity to the vegetative hyphae)
and the width of the hyphae (ranging from;600 nm for emerging
aerial hyphae to ;900 nm [i.e., spore width] for sporulating aerial
hyphae). Note that, for all stages, images were obtained for
both combinations of SsgB-eGFP + FtsZ-mCherry (S. coelicolor
JSC2) and SsgB-mCherry + FtsZ-eGFP (S. coelicolor JSC3), with
the top row presenting JSC2, and the middle and bottom rows
presenting JSC3. Most representative images are shown (mCherry
fusions are shown in red, and GFP fusions are in green). Bar,
1 mm.
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with light or electron microscopy. The failure of FtsZ to
form ladders of septa was further supported by time-lapse
imaging, again identifying occasional and nonconstrict-
ing cross-walls (Supplemental Fig. S2).
To visualize the localization hierarchy of SsgB-eGFP
and FtsZ-mCherry live during the initiation of sporulation-
specific cell division, we further developed the technique
of time-lapse imaging (Jyothikumar et al. 2008) to image
proteins in aerial hyphae. This unequivocally supported
the fluorescence microscopy data, with SsgB localizing to
cell division sites first, followed some minutes later by
FtsZ (Fig. 4; Supplemental Movie). The time between
the emergence of SsgB foci and the formation of Z ladders
was ;30 min. The intensity profiles of the still images
corroborate the colocalization of SsgB and FtsZ (Fig. 4).
In turn, SsgA forms a distinct focal pattern in young
aerial hyphae at a time when SsgB is still diffusely dis-
tributed (Fig. 5, top row), while SsgA and FtsZ do not
colocalize at any time (Fig. 6). However, there is signifi-
cant overlap between SsgA and SsgB foci at a specific
stage just prior to septum formation in sporogenic aerial
hyphae (Fig. 5, middle row), but this was seen only in
;3% of the sporogenic aerial hyphae (with >200 hyphae
analyzed in still images), indicating that the interaction is
most likely transient. SsgA foci do not remain localized at
the division site during divisome assembly, and the pro-
tein is relocated to a position adjacent to the septa (Fig. 5,
bottom row), which is in accordance with earlier obser-
vations (Noens et al. 2007). Thus, the localization studies
strongly suggest a hierarchical localization order, SsgA–
SsgB–FtsZ, whereby FtsZ is dispensable for the initial
division site localization of SsgB. Expectedly, SsgB fails to
accumulate properly in ssgA-null mutants (Fig. 2). Most
ssgA mutant hyphae no longer accumulate SsgB, while
the number of SsgB foci was strongly reduced in others
(average of 0.536 0.07 foci per micron, as compared with
1.25 6 0.14 per micron in the parent). In precious few
aerial hyphae of ssgA-null mutants, SsgB localized in
a similar pattern as in the parental strain, but the foci
contained around threefold less SsgB, as derived from the
fluorescence intensities (376 2 and 126 1 arbitrary units
for foci in M145 and the ssgA-null mutant, respectively).
In contrast, overexpression of SsgA stimulates the
accumulation of foci and rings of SsgB-eGFP and FtsZ-
mCherry in vegetative hyphae, while they are distributed
uniformly in wild-type cells (Supplemental Fig. S3); this
underlines the role of SsgA as an activator of cell division,
most likely by allowing the correct positioning of SsgB,
which then recruits FtsZ (see below). In line with the
notion that the activation of cell division by SsgA should
be mediated via SsgB and FtsZ, enhanced expression of
SsgA fails to stimulate septum formation in either the
ssgB-null mutant GSB1 or the ftsZ mutant Hu133 (Sup-
plemental Fig. S4).
Figure 2. Localization of SsgA and SsgB and dependence on
FtsZ. (Left) Fluorescence micrographs. (Middle) Corresponding
TRITC-WGA cell wall stains. (Right) Light images. (Top to
bottom) (Row 1) Localization of SsgA-GFP in the ftsZ-null
mutant Hu133 (strain JSC15). (Row 2) Localization of SsgA in
wild-type cells (strain JSC5; cells in stage prior to septum
formation). (Row 3) SsgB localization in the ftsZ-null mutant
Hu133, showing normal localization of foci at future septum
sites, but failure to produce rings due to the absence of FtsZ (strain
JSC10). (Row 4) SsgB localization in the ssgA-null mutant, show-
ing that proper SsgB localization depends on SsgA (strain JSC8).
(Row 5) SsgB localization in wild-type cells (strain JSC6). The
lectin TRITC-WGA stains peptidoglycan subunits. Bar, 1 mm.
Figure 3. FtsZ localization in ssgA- and ssgB-null mutants.
Fluorescence micrographs showing FtsZ-eGFP (left panel) and
corresponding light image (right panel) of aerial hyphae of the
ssgA-null mutant (strain JSC12) (top row) and the ssgB-null
mutant (strain JSC11) (middle row). In these genetic back-
grounds, FtsZ-eGFP forms septa in a pattern similar to that
observed in vegetative hyphae. This conforms well to the notion
that SsgA and SsgB are required per se for the formation of Z
ladders typical of sporulation-specific cell division, but not for
individual septa such as cross-walls in vegetative hyphae (see
the text). The hyphal width of all strains shown is ;900 nm,
indicative of the normal ring stage in septum formation.
(Bottom row) Wild-type localization of FtsZ is shown as a refer-
ence (strain K202). Bar, 1 mm.
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Protein dynamics and interactions
To analyze sporulation stage-specific dynamics of SsgA,
SsgB, and FtsZ in Streptomyces, fluorescence recovery
after photobleaching (FRAP) was applied (Supplemental
Fig. S5; Supplemental Table S1), which monitors the
redistribution of bleached molecules. Prior to septation,
SsgA recovered to bleached foci in just over half a minute
(T1/2 of 37 6 4 sec), approximately twice as fast as SsgB
and FtsZ (T1/2 of 626 11 sec and 716 4 sec, respectively).
Expectedly, unassembled FtsZ recovered very rapidly (T1/2
of 1 sec). Interestingly, at the time of Z-ring formation, the
dynamics of FtsZ and SsgB increased strongly (T1/2 of 56 2
sec and 8 6 3 sec, respectively), with FtsZ protofilament
turnover now at least as dynamic as in Bacillus subtilis
(Anderson et al. 2004).
SsgB and FtsZ interact strongly in vivo
The data presented above paint a picture of SsgAB as
a positive control system for Z-ring formation during
sporulation in the aerial hyphae of Streptomyces. To
quantitatively assess the in vivo proximity and direct
interactions between SsgA, SsgB, and FtsZ, Fo¨rster reso-
nance energy transfer (FRET) combined with FLIM was
applied (Cremazy et al. 2005). Its application was success-
fully applied recently to study the interaction between
members of the Escherichia coli divisome (Alexeeva et al.
2010). FRET is the capacity of a low-wavelength fluoro-
phore to transfer its excited state energy to a longer-
wavelength counterpart given a sufficient overlap of the
corresponding emission and excitation spectra, if the
proximity between the two fluorescent proteins is be-
tween 2 and 10 nm. FLIM imaging allows determining the
FRET efficiency, and this efficiency acts as a molecular
ruler that measures the intermolecular distances be-
tween the donor and acceptor molecules (e.g., one protein
translationally fused to eGFP and one fused to mCherry).
In line with literature, the fluorescence lifetime of eGFP
fusion proteins alone was 2.6 6 0.1 nsec (Fig. 7A,B). The
same lifetime (i.e., no interaction) was found when SsgA-
eGFP and SsgB-mCherry were imaged together during
early stage aerial growth (Table 1), but, when SsgA and
SsgB colocalized in presporulation foci, the fluorescence
lifetime of SsgA-eGFPwas reduced to 1.036 0.3 nsec (Fig.
7C,D), corresponding to an intermolecular distance of
5.1 6 0.3 nm. To provide perspective for the interaction
strength, the lifetime reductions are in the same order
as for histone H2B interacting with DNA (1.6 nsec)
(Cremazy et al. 2005). This corroborates an order of re-
cruitment of SsgA > SsgB > FtsZ, in line with the lo-
calization studies. Similarly, the lifetime of FtsZ-eGFP/
mCherry decreased strongly on colocalization with SsgB-
mCherry/eGFP (1.3 and 1.5 6 0.3 nsec, respectively) (Fig.
7E,F), with an intermolecular distance of ;5.6 6 0.3 nm,
thus corroborating the temporal order of recruitment of
SsgA–SsgB–FtsZ suggested by the localization studies.
As a reference for the later divisome components, we also
determined the intermolecular distance of SsgB and FtsZ
to FtsI, a transpeptidase involved in septal peptidoglycan
synthesis (Pogliano et al. 1997). The fluorescence lifetime
for the SsgB–FtsI interaction was 1.67 6 0.29 nsec and
1.90 6 0.15 nsec with SsgB and FtsI as donors, respec-
tively (6.3 6 0.3-nm distance), and thus SsgB is closer
to FtsZ than to FtsI. Expectedly, FtsZ interacts very
closely with FtsI, with a very short fluorescence lifetime
Figure 4. Still images from the time-lapse Supplemental
Movie, which provides a live recording of the order of recruit-
ment of SsgB and FtsZ. The fluorescence intensity profiles (right
column) highlight the overlap between the foci of SsgB-eGFP
(left column) and FtsZ-mCherry (middle column), up to and
including the stage of Z-ring formation. The strain that was
used for imaging is S. coelicolor JSC2 (Supplemental Table S3).
The time line was from 0 min (top image) to 45 min (bottom
image). The low resolution of the fluorescence images is an
inevitable consequence of the strong magnification from the
time-lapse series. Arrows refer to the peaks in fluorescence
intensity of the SsgB profile. For an explanation of stages (roman
numerals between brackets), refer to the model in Figure 9. The
intensity profiles were prepared using ImageJ.
Figure 5. Localization of SsgA and SsgB during different stages
of development in S. coelicolor. (Left to right) SsgA-eGFP
(green), SsgB-mCherry (red), an overlay, and a bright-field image.
The strain that was used is S. coelicolor JSC4 (Supplemental
Table S3). SsgA localizes prior to SsgB in young aerial hyphae
(0.6 mm wide) (top row), and the two proteins colocalize only
briefly during an early stage of cell division initiation in
sporogenic aerial hyphae (diameter, 0.7 mm) (middle row).
(Bottom row) At the time of Z-ring formation, SsgA and SsgB
do not colocalize (diameter of aerial hyphae, 0.8 mm). For an
explanation of stages (roman numerals between brackets), refer
to the model in Figure 9. Bar, 1 mm.
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of 0.55 6 0.08 nsec, corresponding to a 4.3 6 0.1 nm
intermolecular distance (Table 1).
SsgB and FtsI both interact strongly with the cytoplas-
mic membrane (stained with FM 5-95), as shown by the
extraordinary short lifetime of 0.65 6 0.01 nsec (4.5 6
0.1-nm distance) for SsgB (Fig. 7G,H) and 0.396 0.25 nsec
(4.1 6 0.4 nm) for FtsI. In contrast, FtsZ is relatively far
away from the cell membrane (lifetime decreased to
2.20 6 0.01 nsec, or 7.6 6 0.1-nm distance) (Fig 7I,J).
Based on these distances and the three-dimensional struc-
tures of SsgB (which forms trimers) (Xu et al. 2009) and
FtsZ (Lowe and Amos 1998), it is likely that the SsgB ring
lies between (and is concentric with) the cell membrane
and the Z ring.
To independently corroborate the molecular interac-
tions established in vivo, we tested the ability of SsgA,
SsgB, and FtsZ to establish pair-wise interactions using
the bacterial two-hybrid system (BACTH) (Karimova
et al. 1998). Since the S. coelicolor SsgB protein fails to
form multimers in E. coli due to folding problems, we
used the SsgB ortholog from the thermophilic actinomy-
cete Thermobifida fusca (SsgBTfus), which was used for
structure elucidation and whose functionality was dem-
onstrated by its ability to complement ssgB-null mutants
of S. coelicolor (Xu et al. 2009). DNA fragments encoding
the selected proteins were cloned into pKT25 and/or
pUT18 vectors to generate recombinant plasmids
expressing hybrid proteins fused C-terminally to the
T25 or T18 fragment of Bordetella pertussis adenylate
cyclase, respectively. The two-hybrid studies corrobo-
rated the direct interaction between SsgA and SsgBTfus
as well as that between SsgBTfus and the extremely well-
conserved N-terminal domain of FtsZ (amino acids 1–
195) (Supplemental Fig. S6). However, SsgBtfus did not
show interaction with the less well-conserved C-terminal
domain of FtsZ (amino acids 196–399), while SsgA did not
interact with either part of FtsZ or with the full-length
protein. These data fully support our in vivo interaction
studies performed with FRET-FLIM.
Quantification and stoichiometry of SsgA, ssgB, FtsI,
and FtsZ
To obtain insight into the dynamics as well as to establish
whether SsgB may form complete rings during division,
we determined the absolute number and stoichiometry
of the different fusion proteins during different stages of
Z-ring formation. For this, we used 80-nm rotavirus
particles containing exactly 120 eGFP molecules as an
internal standard (Dundr et al. 2002), which were con-
fined in a diffraction-limited spot. In predivision foci,
SsgA, SsgB, and FtsI accumulated in similar amounts
(;300 molecules), while FtsZ was 1.5-fold to twofold
more abundant (SsgA:SsgB:FtsI:FtsZ ratio of 1:1.2:1:1.7)
(Supplemental Table S2). At the divisome—where SsgA
does not accumulate—in particular, SsgB and FtsZ were
muchmore abundant, with, on average,;700 SsgB,;350
FtsI, and ;1500 FtsZ molecules per Z ring (average ratio
of 2:1:4) (Supplemental Table S2). Notably, the amount of
FtsZ was highly variable in Z rings, varying from ;600
molecules at Z-ring initiation (corresponding to the
number of molecules in predivision foci) to a maximum
of ;6000 molecules on the Z ring in dividing cells. This
conforms well to recent computer modeling studies,
which predict that the Z ring should undergo a transition
from a low-density to a high-density state (Lan et al. 2009;
see the Discussion).
Figure 6. SsgA and FtsZ localize differentially in S. coelicolor.
(Left to right) SsgA-eGFP (green), FtsZ-mCherry (red), an overlay
of the two, and the corresponding bright-field image. The strain
that was used is S. coelicolor JSC1. The activation of cell
division by SsgA is governed via the recruitment of SsgB (Fig.
5), and SsgA does not colocalize with FtsZ. Developmental
stages are shown as follows: young aerial hyphae (note that the
exposure time for FtsZ was halved to prevent overexposure of
the cross-walls) (top row); aerial hyphae producing predivision
foci (middle row); sporulating aerial hyphae (note constrictions)
(bottom row). For an explanation of stages (roman numerals
between brackets), refer to the model in Figure 9. Bar, 1 mm.
Figure 7. Molecular interactions between SsgA, SsgB, FtsZ,
and the membrane studied by FLIM. Fluorescence intensity
images (A,C,E,G,I) and corresponding pseudocolored fluores-
cence lifetime images ranging from 0 nsec (red) to 3 nsec (blue)
(B,D,F,H,J) are presented for SsgA alone (strain JSC5) (A,B) and
the interaction between SsgA and SsgB (strain JSC4) (C,D), SsgB
and FtsZ (strain JSC2) (E,F), SsgB and the FM5-95-stained
membrane (strain JSC6) (G,H), and FtsZ and the membrane
(strain JSC7) (I,J).
Positive control of cell division
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In vitro polymerization of FtsZ
To determine whether SsgB has a positive influence on
the polymerization of FtsZ, we applied in vitro polymer-
ization assays. FtsZ-His6 from T. fusca was allowed to
polymerize in the presence of GTP and with either SsgB-
His6 or BSA (negative control). MgCl2 concentrations
were such as to favor protofilament formation of FtsZ
(Low et al. 2004). Electronmicroscopy of negatively stained
samples was applied to characterize the FtsZ polymers
formed in the presence of SsgB. This revealed a strongly
positive effect on filament formation, whereby length had
increased significantly in comparison with the filaments
formed in the control samples, demonstrating that SsgB is
able to stimulate FtsZ polymerization (Fig 8A). Average
filament length was 435 6 36 nm (P < 0.0001; n = 56) for
FtsZ with SsgB, and 110 6 6 nm (P < 0.0001; n = 100) in
the absence of SsgB.
The polymerized FtsZ fraction was then pelleted by
ultracentrifugation at 165,000g and analyzed via SDS-
PAGE, followed by quantification of the relative amounts
of FtsZ. The amount of polymerized FtsZ increased with
a factor 3.8 6 0.4 in the presence of SsgB, whereas
a control experiment with BSA revealed no change in
the amount of polymerized FtsZ (Fig. 8B). These data
demonstrate that SsgB has a strong stimulatory effect on
FtsZ polymerization and filament length.
Discussion
In this study, we demonstrate that FtsZ is recruited to the
septum site by the novel divisome component SsgB
during sporulation in Streptomyces. In turn, the temper-
ospatial localization of SsgB is controlled by the paralo-
gous SsgA, and the enhanced expression of SsgA alone
suffices to activate the accumulation of SsgB, followed by
Z-ring formation and active cell division. The evolution
of a new way of Z-ring control again underlines that,
in terms of cell division, streptomycetes are the odd
ones out; in these organisms, cell division is dispensable
for growth—with viable ftsQ- and ftsZ-null mutants
(McCormick et al. 1994; McCormick and Losick 1996)—
and multiple cell division occurs during sporulation,
Table 1. FLIM measurements of molecular interactions
On the septum Acceptor
Diameter
(nm)
Time
(nsec)
Diameter
(nm)
Time
(nsec)
Diameter
(nm)
Time
(nsec)
Diameter
(nm)
Time
(nsec)
Donor FtsI FtsZ SsgB Membrane
FtsI ND ND 5.8 1.52 ND
SsgA ND >17 2.54 >17 2.70 ND
FtsZ 4.6 0.67 ND 6.2 1.75 6.9 2.03
SsgB 5.8 1.54 5.1 1.01 ND ND
In foci Acceptor
Donor FtsI FtsZ SsgB Membrane
FtsI ND ND 6.5 1.90 4.1 0.39
FtsZ 4.4 0.55 ND 5.7 1.47 7.6 2.21
SsgA 8.0 2.29 >17 2.54 5.1 1.03 7.8 2.25
SsgB 6.1 1.67 5.5 1.29 ND 4.5 0.65
The data reveal direct interactions between SsgA and SsgB in aerial hyphae; between SsgB, FtsI, and FtsZ; and between SsgB/FtsI/FtsZ
and the cell membrane.
(ND) Not determined.
Figure 8. Effect of SsgB on FtsZ polymer-
ization in vitro. (A) Electron microscopy
analysis of filament formation in vitro.
(Left) Typical FtsZ filaments formed in
the absence of SsgB (BSA was used as
control). (Right) FtsZ filaments formed in
the presence of SsgB. Note the strong in-
crease in filament formation as induced by
the presence of SsgB. For these experi-
ments, we used purified FtsZ from T. fusca
(FtsZTfus) in combination with either puri-
fied SsgBTfus or BSA, and in the presence of 0.2 mM GTP. Each protein in the reactions was present at 2 mM. Bar, 50 nm. (B)
Complementary pelleting assay. The protein samples used were FtsZTFus pelleted without SsgBTfus (left) and with SsgBTfus (right). In
total, 3.8 6 0.4 times more FtsZ protein was pelleted with ultracentrifugation in the presence of SsgBTfus as compared with the control
without SsgBTfus. For details, see the Materials and Methods.
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initiated by forming spectacular ladders of Z rings
(Schwedock et al. 1997). A model for the control of cell
division during sporulation of Streptomyces is presented
(Fig. 9).
Following the recruitment of FtsZ, SsgB remains asso-
ciated with it at the divisome. Hence, in contrast to the
principle that FtsZ is typically the first divisome compo-
nent to arrive at division sites followed by the sequential
recruitment of the cytokinetic machinery (Goehring and
Beckwith 2005; Dajkovic and Lutkenhaus 2006; Gamba
et al. 2009), in Streptomyces, SsgB arrives prior to FtsZ at
the septum site. This was further demonstrated by time-
lapse imaging, and was corroborated by the observation
that FtsZ ladder formation depends on SsgA and SsgB,
while SsgB localizes at septum sites independently of
FtsZ. A few septa are formed in the absence of SsgA or
SsgB, with a large spacing very similar to that found in
vegetative hyphae, and, like in vegetative hyphae, these
only lead to the formation of compartments, without
cytokinesis. This underlines an important issue; namely,
that the formation of cross-walls is controlled in a differ-
ent way than sporulation-specific cell division.
The Streptomyces divisome is highly dynamic, with
turnover of FtsZ filaments increasing sharply during
cytokinesis. In B. subtilis, the half-life of FtsZ protofila-
ments at the septum is close to 10 sec, a turnover rate
that is in line with that of mitotic tubulin (Anderson et al.
2004). The turnover rate of microtubules is ;10 times
higher in mitotic metaphase cells than in (nondividing)
interphase cells (Salmon et al. 1984). FRAP imaging of
Streptomyces cell division proteins showed dynamics
similar to those of microtubules, with FtsZ and SsgB
forming relatively static assemblies prior to active cell
division, which then changes dramatically during active
division, with FtsZ and SsgB half-life reduced from ;1
min to ;5 and 8 sec, respectively. Hence, the Streptomy-
ces divisome is at least as dynamic as that of Bacillus.
Recent computer modeling studies predicted that the Z
ring should undergo a transition from a low-density to
a high-density state, required in, e.g., E. coli to generate
sufficient force to drive the contraction during cytokine-
sis (Lan et al. 2009). Indeed, where the number of SsgB
proteins doubles from ;350–700 molecules per septum
during division, the amount of FtsZ increases from ;600
molecules at Z-ring initiation (corresponding to the
number of molecules in predivision foci) to a maximum
of ;6000 molecules in dividing cells. In contrast, the
amount of the peptidoglycan-synthesizing FtsI remains
more or less constant. To form a continuous ring inside
hyphae with a diameter of ;800 nm, at least twice as
much SsgB is required, as observed in our experiments,
strongly suggesting that not all FtsZ molecules in the
Z ring interact directly with an SsgB protein. This is
supported by the FLIM data, where we used either SsgB or
FtsZ as the donor (and the other as acceptor). The
significant increase in lifetime when FtsZ was the donor
relative to when SsgB was the donor shows that, while all
SsgBs were immediately adjacent to FtsZ, a significant
proportion of the FtsZ proteins in the Z ring is not
immediately adjacent to an SsgB protein. This is in
accordance with the notion that the number of FtsZ
molecules strongly increases to form a complete Z ring,
while SsgB does not.
FRET-FLIM imaging further demonstrated that SsgB is
closely attached to both the cytoplasmic membrane and
FtsZ, while FtsZ interacts with the membrane but is
positioned significantly farther from it than SsgB. Like
SsgB, the N-terminal half of FtsZ is highly conserved in
streptomycetes, and two-hybrid studies strongly suggest
that this is precisely the domain that SsgB interacts with.
These data support a model whereby FtsZ protofilaments
are tethered to the cell membrane by SsgB trimers. Taken
together with the observed stimulation of FtsZ filament
length in vitro and the continued colocalization of the
proteins throughout the whole process of cell division
(live-imaging data), this suggests that SsgB remains asso-
ciated with the FtsZ filaments, perhaps protecting the
FtsZ filaments from dissociating.
Several proteins that stimulate filament formation
with different modes of action have been described in
the literature. For example, ZipA stimulates the forma-
tion of filament networks (RayChaudhuri 1999), while
ZapA promotes bundling by forming lateral connections
between FtsZ filaments (Gueiros-Filho and Losick 2002;
Low et al. 2004). The activity of SsgB is more similar to
that of ZipA than ZapA, with, on average, around fourfold
Figure 9. Model for the control of Z-ring formation in Strep-
tomyces. (Left) In young aerial hyphae (stage I), SsgA forms foci,
while SsgB and FtsZ are still diffuse. Then, SsgA and SsgB
colocalize briefly at one and typically an alternating side of the
aerial hyphae (stage IIA). Prior to sporulation-specific cell di-
vision, FtsZ is often seen to form long spiral-like filaments
through the hyphae (Grantcharova et al. 2005; Willemse and van
Wezel 2009; our unpublished results), and we hypothesize that
these attach at alternating sides to the now assembled SsgB foci
(stage IIB). From this point onward, FtsZ and SsgB continue to
colocalize, whereby SsgB strongly interacts with the membrane
and FtsZ to tether FtsZ (stage IIC). Z rings are then formed at the
sporulation stage, followed by chromosome condensation and
segregation and formation of the sporulation septa (stage III).
During spore maturation, SsgA localizes at either side of the
septa, and finally marks the two sites where spores germinate
(Noens et al. 2007).
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increase of FtsZ filament length in comparison with
control samples, and lack of extensive bundling. In eu-
karyotes, specific protein complexes act as nucleation
complexes for filament formation, such as the ARP2/3
complex and formins for actin filaments and the micro-
tubule organizing center (MTOC) microtubules (Luders
and Stearns 2007; Chesarone and Goode 2009). Interest-
ingly, evidence for a complex involved in filament cap-
ping and polymerization in bacteria has been provided for
the actin-like ParM filament involved in plasmid segre-
gation, which is stabilized by the small ParR protein in
complex with a centromere-like parC DNA fragment
(Salje and Lowe 2008). Whether SsgB functions in an
analogous fashion on FtsZ protofilaments remains to be
elucidated.
Where SsgB acts to recruit FtsZ and stimulate filament
formation, the mode of action of SsgA is less clear. We
demonstrated previously that SsgAmarks the sites where
the cell wall needs to be remodeled; namely, during apical
growth, branching, germination, and cell division (Noens
et al. 2007). High-level overexpression of SsgA induces
submerged sporulation in vegetative hyphae of S. coeli-
color (which normally forms only densemycelial clumps)
(van Wezel et al. 2000a) and affects hypergermination,
with up to eight germ tubes protruding from a single spore
(Noens et al. 2007). It is rather unlikely that SsgA acts in
all of these cases via interaction with (and localization of)
SsgB. One possibility is that other members of the family
of SALPs interact with SsgA to control the localization of
cell wall remodeling enzymes—such as PBPs (peptidogly-
can-binding proteins)—during germination, branching,
and apical growth, as the different ssg mutants all have
specific defects in peptidoglycan synthesis or autolysis.
Major candidates are, in particular, SsgD and SsgG. Null
mutants of ssgD have major defects in lateral wall in-
tegrity, while ssgGmutants occasionally skip septa in the
Z ladders, thus resulting in many large andmultinucleoid
spores (Noens et al. 2005). It will be interesting to see
whether S. coelicolor mutants lacking multiple or even
all seven SALPs may also lack cross-walls.
The decisive checkpoints in nature are typically medi-
ated through negative control systems, including the
mitotic checkpoints during eukaryotic cell division
(Oliferenko et al. 2009) and mid-cell positioning of FtsZ
in most bacteria (Marston et al. 1998). This is deemed
necessary to avoid premature cell division, as incorrect or
premature septum positioning is generally devastating,
resulting in minicells and/or incorrectly segregated or
damaged chromosomes. There is, perhaps, an obvious bio-
logical explanation for the fact that, in streptomycetes,
positive control of cell division is possible, owing to the
different way cell division is organized. If, occasionally,
a septum is misplaced during sporulation-specific cell
division, this is without too much consequence, as many
viable spores will still be produced. Similarly, during veg-
etative growth, only occasional cross-walls are formed,
with highly variable spacing and multinucleoid compart-
ments as a result, and, again, a misplaced septum gener-
ally will not be problematic. The positive control of
Z-ring localization is, perhaps, a necessary step in the
evolution of a system to produce chains of spores. A Min-
type control system is probably less feasible in Strepto-
myces, as the aerial hyphae are up to 100 times as long as
E. coli cells and lack a mid-cell reference point or two
relatively adjacent poles to oscillate between. A major
issue to address is how the perfect spacing of so many Z
rings is controlled during sporulation-specific cell divi-
sion. The size of the nucleoid candidates is a natural ruler
to set the minimum boundaries for the spore compart-
ments during sporulation. The first step will be to de-
termine what controls the localization of the cell division
activator SsgA, and whether this is also positively con-
trolled. With this, some very important questions lie
ahead of us, and their solution should shed more light
on the unique features of positive cell division control in
filamentous bacteria.
Materials and methods
Bacterial strains and constructs
Bacterial strains and growth conditions All strains and plas-
mids used in this study are presented in Supplemental Table S3,
and the oligonucleotides are presented in Supplemental Table S4.
S. coelicolor M145 was obtained from the John Innes Centre
strain collection, and the S. coelicolor ftsZ mutant HU133
(McCormick et al. 1994) was kindly provided by JoeMcCormick;
the ssgA and ssgB mutants of S. coelicolor were published pre-
viously (van Wezel et al. 2000a; Keijser et al. 2003). FM145 is a
spontaneous low-autofluorescent derivative of M145 (Willemse
and van Wezel 2009). BACTH complementation assays were
carried out with the nonreverting adenylate cyclase-deficient
(cya) E. coli strain BTH101 (Karimova et al. 1998).
Fluorescent fusion constructs Constructswere created express-
ing SsgA, SsgB, or FtsZ translationally fused to either eGFP or
mCherry, with all fusion genes expressed from the natural
promoters of the respective genes. The colonies were phenotyp-
ically and microscopically very similar to the parental strain S.
coelicolor FM145, and functionality of the ssgA (Noens et al.
2007), ssgB (normal phenotype of the genomic integrant), and
ftsZ fusion constructs was demonstrated by the full comple-
mentation of the respective mutants. Fusion genes expressing
SsgB-eGFP or SsgB-mCherry were introduced into the genome by
gene replacement, so as to replace the wild-type ssgB. For this,
we cloned egfp directly behind the coding region of ssgB in the
vector pIJ786, and gene replacement was carried out using the
Redirect method developed by Gust et al. (2004) (for details, see
Gust et al. 2004 and references therein). An mCherry variant of
pIJ786 was constructed by replacing the gene for eGFP with that
for mCherry; for this, we amplified the gene for mCherry with
oligonucleotides pIJ786-mCherry-Fw and pIJ786-mCherry-Rev
and inserted the fragment into pIJ786 as an NdeI–HindIII
fragment so as to replace egfp, thus generating pGWS510. Sub-
sequently, SsgB-786Fw and SsgB-786Rev were used to amplify
the entire insert of either pIJ786 or pGWS510, generating DNA
fragments encompassing a cassette of either egfp or mcherry
followed by the apramycin resistance cassette aacC4, which is
inserted between the last seven codons of ssgB and the first 20
nucleotides (nt) of the ssgB downstream region. Using high-
efficiency recombination achieved in a l red background (Gust
et al. 2004 and references therein) derivatives of cosmid L2,
which contains an ;40-kb section of the S. coelicolor chromo-
some including ssgB, were obtained with either egfp ormcherry
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fused immediately behind ssgB. Using apramycin resistance for
selection of the desired recombinants, the wild-type ssgB gene
was replaced with the respective fusion genes according to
routine methods. The correct recombinants were verified by
PCR amplification and DNA sequencing using oligonucleotides
SsgB-forward and eGFP-reverse. KF41 (Grantcharova et al. 2005),
a kind gift from Klas Fla¨rdh, was used to obtain construct
pGWS523 expressing ftsZ-mCherry. For this, ftsZ-egfp was
replaced with ftsZ-mcherry. To achieve this, mcherry was am-
plified with oligonucleotides pKF41-mCherry-Fw and pKF41-
mCherry-Rev, digested with BamHI and NotI, and inserted into
KF41 digested with the same enzymes.
Constructs for BACTH screening For construction of the
recombinant plasmids for BACTH assays, the genes of interest
were PCR-amplified using Pfu polymerase (Stratagene) and
oligonucleotide pairs as described in Supplemental Table S4.
PCR products were cloned as XbaI/XmaI-digested (for ssgBTfus,
and N-terminal-coding and C-terminal-coding parts of ftsZ) or
XbaI/KpnI-digested (for ssgASc) DNA fragments in frame with
either the T18 or the T25 fragment of the catalytic domain of B.
pertussis adenylate cyclase (cyaA) into pUT18 and/or pKT25
vectors (BACTH System Kit, Euromedex), which were digested
with the same enzymes. This resulted in pUT18 derivatives
pBTH069 (ssgASc) and pBTH121 (for ssgBTfus), and pKT25 de-
rivatives pBTH123 (ssgBTfus), pBTH147 (FtsZ [N-term; amino
acids 1–195]), and pBTH151 (FtsZ [C-term]; amino acids 196–
399) (Supplemental Table S3).
BACTH complementation assays
For BACTH complementation assays, recombinant pKT25 and
pUT18 carrying the genes of interest were used in various
combinations to cotransform E. coli BTH101 cells. The trans-
formants were plated onto LB-X-Gal-IPTG medium with ampi-
cillin at 100 mg/mL and kanamycin at 50 mg/mL, and were
incubated for 24–36 h at 30°C. For each combination, 10 in-
dependent colonies were restreaked on M63 minimal medium
supplemented with maltose as the sole carbon source, which
allows growth only when the two proteins expressed by the
transformants interact.
Microscopy
Fluorescence microscopy Fluorescence and corresponding
light micrographs were obtained with either an Olympus bh-2
or a Zeiss Axioscope A1 upright fluorescence microscope (with
an AxiocamMrc5 camera at a resolution of 37.5 nm/pixel), with,
for the green channel, 470- to 490-nm excitation and 515 long-
pass detection; and for the red channel, 530- to 550-nm excita-
tion and 590 long-pass detection. The green fluorescent images
were created using 470/40-nm bandpass excitation and 525/50
bandpass detection; for the red channel, 550/25-nm bandpass
excitation and 605/70 bandpass detectionwere used. For staining
of the cell wall (peptidoglycan), we used TRITC-WGA; for
membrane staining, we used FM5-95 (both obtained from Mo-
lecular Probes). All images were background-corrected, setting
the signal outside the hyphae to 0 to obtain a sufficiently dark
background. These corrections were made using Adobe Photo-
shop CS4
Time-lapsed (live) imaging Uncoated m-dishes (Ibidi GmbH)
were perforated at the side while closed tightly, and subse-
quently were semifilled with SFM medium. These dishes were
inoculated, turning the lid so it was supported on the vents,
allowing gas exchange, and were sealed of by two layers of
Parafilm to prevent drying of the medium. Samples were in-
cubated at 30°C and imaged with a Zeiss Observer A1 micro-
scope with a Hamamatsu EM-CCD C9100-02 camera. Images
were takenwith 10-sec intervals for 50min. In order tominimize
focal drift, the microscope stage and imaging chamber were
allowed to equilibrate for 60 min before imaging.
FRAP FRAPmeasurements were performed on a Zeiss LSM510
using a 403 plan neofluor, 1.3 NA lens with 153 digital zoom.
Monitoring was done with a 25-mW Ar laser with 25% power
output at 1%–2% intensity. Photobleaching was performed by
scanning two to 10 times using 50%–75% laser intensity.
FRET-FLIM FRET is the possibility of a fluorescent donor
molecule transfering its excitation energy to an acceptor mole-
cule. For FRET to occur, conditions must be such that the
emission spectrum of the donor molecule (e.g., eGFP) overlaps
the excitation spectrum of the acceptor (e.g., mCherry), and the
distance between the proteins must be between 2 nm and 10 nm.
All FLIM measurements were performed on a Bio-Rad Radiance
mp 2100 system, with a Nikon TE 300 inverted microscope.
Two-photon excitation pulses were generated by a Ti:Sapphire
laser (Coherent Mira) pumped by a 5-W Coherent Verdi laser.
Pulse trains of 76 MHz (150-fsec pulse duration, 860-nm center
wavelength) were produced. The excitation light was coupled
directly into the microscope and focused into the sample using
a CFI Plan Apochromat 63 water immersion objective lens
(numerical aperture, 1.2). For the FLIM measurements, the
Hamamatsu R3809U MCP PMT was used. The frame size of
the acquired images is 64 3 64 pixels. Cell membrane was
stained using a 0.2 mg/mL solution of FM 5-95 (N-[3-trimethy-
lammoniumpropyl]-4-[6-{4-(diethylamino) phenyl} hexatrienyl]-
pyridinium-dibromide; Molecular Probes) prepared in Hanks’
Balanced Salt Solution (HBSS). All FRET-FLIM measurements
were performed on aerial hyphae.
From the images, complete fluorescence lifetime decays were
calculated per pixel, and were fitted using a double-exponential
decay model as well as a single exponential decay selecting the
best fit based on x2 of the fitted curve. For double-exponential
fitting, the fluorescence lifetime of one component was fixed to
the value found for eGFP fused to the same gene (2.5–2.7 nsec).
For each two-component fit, a combination of both fluorescence
lifetimes revealed the same fluorescence lifetime as determined
by a single-component fit. Based on several characteristics of
donor and acceptor dyes, the R0 (the distance at which half of the
energy is transferred from the donor to the acceptor) can be
calculated (Stryer 1978). The efficiency of energy transfer between
the donor and acceptor is a measure for the intermolecular aver-
age distance. For eGFP and mCherry, the R0 is 5.4 nm (Goedhart
et al. 2007); a similar R0 is calculated for eGFP and FM 5-95.
Fluorescence quantification
By making use of virus-like particles with the coat protein-fused
to eGFP (Charpilienne et al. 2001), internal quantification of
protein expression can be achieved, since the particles contain
exactly 120 eGFP fusions (Dundr et al. 2002). By comparing the
relative intensity of the viral particles in the image to the in-
tensity of the fluorescently tagged proteins of interest, the ab-
solute number of proteins can be derived as (I3 120)/IVLP, where
I is the intensity of the signal of interest, and IVLP is the intensity
of the virus-like particles.
Protein isolation
C-terminally His6-tagged FtsZ and SsgB from T. fusca were
purified from E. coli BL21(DE3) harboring the pET22b-based
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expression constructs pGWS806 and pGWS807, respectively.
The procedure was generally as described previously (Mahr
et al. 2000), except that cells were disrupted via osmotic shock
and protein was purified from the supernatants following cen-
trifugation at 37,000 rpm for 45 min. The protein was purified on
a HisPur Cobalt Resin column (Pierce Biotechnology), as recom-
mended by the supplier. Protein-containing fractions were com-
bined and dialyzed against a buffer containing 50 mM HEPES/
NaOH (pH 7.2) and 50 mM KCl.
In vitro polymerization of FtsZ and pelleting assay
For polymerization assays, 2 mM FtsZTfus with or without
equimolar ratios of SsgBTfus or BSA (negative control) was
prewarmed at 30°C. Subsequently, polymerization and staining
were carried out as published (Mohammadi et al. 2009) in the
presence of 5 mM MgCl2 and 0.2 mM GTP. After 10 min of
incubation at 30°C, samples were applied to a microscope grid,
stained with uranyl acetate, and examined with transmission
electron microscopy. Samples were imaged with a Philips EM
410 transmission electron microscope. Filament lengths were
determined using ImageJ.
The FtsZ filament pelleting assay was carried out on as
described previously (Small et al. 2007) except that the initial
volume was 100 mL. Samples contained FtsZTfus together with
either SsgBTfus or (as negative control) BSA. Centrifugation was
carried out in an Airfuge A-100 miniultracentrifuge (Beckman-
Coulter, Inc.) at 165,000g for 20 min. Pellets were dissolved in
100 mL of sample buffer, heated for 10 min at 100°C, and
analyzed on a 10% SDS-PAGE gel. The relative intensities of
the Coomassie brilliant blue-stained protein bands were de-
termined via ImageJ.
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